INTRODUCTION
The collagens form a family of extracellular matrix proteins that play important roles in maintaining the structural integrity of a number of tissues including blood vessels, bone, ligaments, and tendons (1, 2) . Given the prevalence of collagen in a relatively large number of tissues, it is not surprising that collagen itself has been implicated in several common human diseases (1) (2) (3) (4) . Consequently, studies aimed at understanding the structure and metabolism of collagen are of particular importance.
The structure of collagen is characterized by three distinct amino acid chains that fold together to form a triple helix. This helical structure contains interchain backbone hydrogen bonds between the glycine amide protons and the carbonyl oxygens of residues in the X position of the corresponding GXY triplet on the adjacent chain (5) . A high abundance of prolines in the X position and hydroxyprolines in the Y position has been noted in sequenced fibrillar collagens, accounting for~30% of residues in these positions (6) . Proline residues induce a polyproline II-like helical conformation in individual strands, greatly reducing their entropy in the unfolded state and thereby the resulting loss of entropy associated with triple helix formation (7, 8) . The mechanism behind hydroxyproline-induced triple-helical stabilization may be more complex. It was thought initially that the hydroxyl groups helped coordinate both intra-and intermolecular hydration networks, but other models suggest that the stereoelectronic effect of the hydroxyl group stabilizes a pucker of the pyrrolidine ring and backbone dihedral angles that are conducive to the formation of triple-helical structure (7, 9) .
Biochemical experiments in which single residue mutants were created in homotrimeric model collagen peptides containing the sequence (GPO) 3 GXY(GPO) 4 , where either the X or the Y residue was mutated from proline or hydroxyproline, reveal insights into the contribution of different residues to triple-helical stability (6) . Compared to the highly stable control sequence of (GPO) 3 GPO(GPO) 4 , which had a melting temperature of 47. 3 C, a lysine in position Y lowered the melting point to a T m of 41. 5 C, as did glutamate and aspartate residues in position X, which had T m values of 42.9 C and 40. 1 C, respectively (6) . However, when these mutations were combined in a model peptide with the sequence (GPO) 3 GXYGX 0 Y 0 (GPO) 3 , where the X 0 and Y residues were mutated simultaneously, a striking stabilization of the triple helix was observed, with T m values of 47.8 C and 47.1 C in the (GPO) 3 GPKGEO(GPO) 3 and (GPO) 3 GPKGDO(GPO) 3 mutants, respectively; i.e., stabilities comparable to the (GPO) 8 peptide (10) . Clearly, interactions that are not accounted for by the additive effect of individual residue stabilization were promoting triple-helical stability in these peptides.
Additional studies suggest that interchain electrostatic interactions between lysine residues in the Y position and acidic residues in the X 0 position underlie this unexpected increase in stability (10) . In particular, experiments carried out at a pH below the pKa of the glutamate side chain significantly reduces the melting temperature of the (GPO) 3 GPKGEO(GPO) 3 peptide (10). Moreover, energy minimization of triple-helical structures in vacuo, and with limited water molecules, suggest that intrachain salt bridges are energetically favorable as long as the oppositely charged residues are separated by at most two residues (11) . Furthermore, c 2 tests on the frequency of KGE and KGD residue pairs in fibrillar collagen sequences suggest that these residues occur more frequently together than would be expected by their individual frequencies in collagen alone, suggesting that these regions may play additional roles in modulating collagen stability (10) . Despite these results, the precise energetic contribution of interchain salt bridges to triple-helical stability has not been fully explored.
To clarify the energetic contribution that interchain salt bridges have on triple-helical stability, we calculated the relative contribution of salt bridge interactions to the folding free energy of the triple-helical structure. As each amino acid chain in collagen has a precise chain stagger, three distinct salt bridge configurations are possible-all of which are examined in this work. In this manner, we present what we believe to be a comprehensive assessment of the relationship between salt bridge formation and triple-helical stability.
METHODS

Construction of the initial models
Peptides with capped ends (acetylated on the N-terminal residues and amidated on the C-terminal residues) were built using the triple-helical collagen building script (THe BuScr) 1.06 and CHARMM 35b2 with the CHARMM22/CMAP all-atom parameters (12) (13) (14) . The peptides were then solvated with 4946 (for the (GPO) 3 GPKGEO(GPO) 3 peptide) or 4952 (for the (GPO) 3 GPKGDO(GPO) 3 peptide) TIP3P water molecules using the MMTSB tool set (15) . Water molecules were subjected to a cylindrical stochastic boundary potential of radius 22.5 Å and length 100 Å using the miscellaneous mean field potential with one cylindrical and two planar constraints. Before solvation, the model triple helices were brought to salt bridge configurations by restraining the distance between the lysine Nz and the glutamate Cd or aspartate Cg, initially with a force constant of 20 kcal mol À1 Å À2 for 500 steps of steepest decent and 1000 steps of adopted basis Newton Raphson minimization, followed by 1000 more of adopted basis Newton Raphson with a force constant of 2 kcal mol À1 Å À2 .
Molecular dynamics simulations
Each system was equilibrated for 250 ps followed by 10 ns of production molecular dynamics simulations using CHARMM 35b2 (13) . The system was linearly heated to a temperature of 298.15 K over 50 ps during equilibration and then coupled to a Nosé-Hoover thermostat at the same temperature (16) . Coordinates were saved every 2 ps. Initial simulations suggested that protein would adopt slightly bent conformations where the ends of the molecule would wander outside of the simulation cylinder. Similar observations have been made in other simulations of triple-helical peptides (17) . To ensure that physiologically relevant (i.e., triple-helical) states were sampled and that the peptides remained within the solvent region for the duration of the simulations, all simulations used a harmonic constraints on the first and last three residue backbone atoms with a force constant of 2 kcal mol À1 Å
À2
.
Umbrella sampling
We calculated the free energy of interchain salt bridge formation using umbrella sampling (18, 19) . The approach outlined here is similar to what was described in our previous work (20) . The reaction coordinate was defined as the interatomic distances between the lysine Nz and the glutamate Cd (in the case of (GPO) 3 GPKGEO(GPO) 3 ), or between the lysine Nz and the aspartate Cg (in the case of (GPO) 3 GPKGDO(GPO) 3 ). The carboxyl carbons were chosen as opposed to the carboxyl oxygens because measuring interatomic distances to the carbon atoms circumvents ambiguities that arise from rotations in the Cg-Cd bond in the glutamate or the Cb-Cg bond in aspartate (i.e., each carbonyl oxygen can accept a hydrogen bond from the lysine side chain). Simulations of the triple-helical peptide suggested that interatomic distances of 3.6 Å and 3.4 Å correspond to salt bridges in the (GPO) 3 GPKGEO(GPO) 3 and (GPO) 3 GPKGDO(GPO) 3 peptides, respectively. Values of the reaction coordinate, x, were sampled starting from 2.4 Å and up to 13.0 Å in 0.2 Å increments. In practice, the starting value for these runs was 3.4 Å and sampling was done from 3.4 / 13.0 Å and 3.4 Å / 2.4 Å . A harmonic biasing potential with a force constant of 80 kcal mol À1 Å À2 was introduced at each window to bias the system toward sampling a particular value of x. Each window was run for 250 ps. Trajectories were saved every 0.1 ps, resulting in 2500 frames per window. For each window we plotted the running average of the system's internal energy and fit an exponential distribution to determine the relaxation time constant, t. Because the fits were excellent for all windows, we defined the equilibration period for a given window to be 3t. By coupling a relatively large force constant with small increments of the reaction coordinate, the convergence time of our simulations was relatively short (i.e., 3t < 150 ps for each window) and we were also able to achieve sufficient sampling overlap between neighboring windows. This allowed a production period of at least 100 ps (or 1000 frames) for each window. Each peptide retained its triple-helical conformation throughout the umbrella sampling calculations; i.e., the average backbone RMSD from the initial prototypical triple-helical state was >1 Å for all umbrella sampling windows.
The final potential of mean force, W(x), in the i th window is calculated using the expression (21):
where p*(x) is the probability distribution of the reaction coordinate in the biased system, V i (x) is the umbrella potential and C i is a constant at window i. Although a biasing potential is used to generate the data, the pmf itself represents the free energy distribution in the unbiased system and thus the precise form of the umbrella potential does not, in principle, affect the final result (21) . Data from the production runs was combined to form the unbiased probability distribution using the WHAM algorithm (22, 23) . Similar to what was described above, umbrella sampling simulations used additional restraints on the backbone atoms of the first and last three terminal residues (force constant of 2 kcal mol À1 Å À2 , as noted in the previous section) to ensure that we simulated states in the vicinity of the triple-helical state and that the peptides remained within the solvated stochastic boundary cylinder for the duration of the simulations. To ensure that the precise choice of the harmonic restraint did not unduly influence our results, we computed the energy associated with these terminal residue harmonic constraints for all umbrella sampling windows. Windows where the contribution from these harmonic restraints was significant (>1.0 kcal mol À1 ) were excluded from the potential of mean force (pmf) calculation. With this convention only windows centered about values of x >12.0 Å for the C-A interaction in (GPO) 3 GPKGEO(GPO) 3 were excluded. Throughout this work, we adopt the notation x AB to denote the interatomic distance between the lysine on chain A and acidic residue on chain B. Similar definitions apply for x BC and x CA .
DDG calculations
DDG values were calculated as the difference in energy between the salt bridge state and the local energy minimum (or the relatively flat region of Biophysical Journal 98(11) 2634-2643 the conformational free energy surface à la the A-B interaction in the GPKGDO peptide, described in the Results) corresponding to conformations where the salt bridge is broken. For each interaction, the enthalpy, DH, was estimated as the difference in internal energy of the salt bridge formed state and the salt bridge broken state. The internal energy of the salt bridge formed state was obtained by averaging over the potential energy of all snapshots taken from the umbrella sampling window corresponding to the region of the free energy surface representing the salt bridge (i.e., the global energy minimum). Similarly, the internal energy of the salt bridge broken state was obtained by averaging over the region of the free energy surface corresponding to the state where the salt bridge is broken. In all cases but one, this latter state corresponds to a local energy minimum. In the case of the A-B interaction in the GPKGDO peptide, it corresponds to the relatively flat region of the conformational free energy surface (see Results). For all interactions, these definitions correspond to the salt bridge formed and broken states observed in the 10-ns molecular dynamics trajectories. The entropic contribution, ÀTDS, was defined as DDG À DH.
RESULTS
In tropocollagen the different collagen chains are staggered with respect to each other resulting in asymmetric interactions between chains. Consequently, interchain salt bridges between the A-B, B-C, and C-A pairs have distinct orientations ( Fig. S1 in the Supporting Material). In light of this, we examined the effect of each type of salt bridge on triplehelical stability.
Dynamical trajectories of salt bridge-containing peptides
We begin with an analysis of thermal fluctuations in interchain salt bridge-containing structures. Ten nanosecond simulations of the equilibrated (GPO) 3 GPKGEO(GPO) 3 (henceforth referred to as the GPKGEO peptide) and (GPO) 3 GPKGDO(GPO) 3 (henceforth referred to as the GPKGDO peptide) systems were carried out to observe the behavior of the interaction partners. During the simulation the overall triple-helical structure is maintained; i.e., after 10 ns the backbone RMSD from the initial triple-helical structure is 0.83 Å for the GPKGEO peptide and 0.80 Å for the GPKGDO peptide.
To characterize the behavior of the salt bridge pair, we use the interatomic distance between the Nz of lysine and the Cd glutamate (in the case of the GPKGEO peptide), and the distance between the Nz of lysine and the Cg of aspartate (in the case of GPKGDO peptide). Simulations of the GPKGEO triple-helical peptide highlight the difference between the interchain interactions (Fig. 1) . The interresidue distance between the side chains of Lys and Glu in the A-B interaction mainly fluctuates between two states in GPKGEO-the first has an average distance of 3.6 Å (that corresponds to a salt bridge between the two residues), and the second has an average distance of 5.9 Å (where the salt bridge is broken). Overall, during the 10 ns simulation the B-C salt bridge is the most stable about a mean value of 3.6 Å for 74% of the 10 ns, whereas the A-B and C-A salt bridges are considerably weaker (Fig. 1) .
By contrast, in simulations of the GPKGDO peptide, the A-B salt bridge is stable during the 10 ns (formed 96% of the time) about a mean value of 3.4 Å . The B-C salt bridge is slightly less so (86% of the time), also about a mean value of 3.4 Å , and the system seems to sample a secondary state with average distance 5.8 Å , along with another state at higher values of x BC . The C-A salt bridge is by far the least stable interaction (Fig. 2) .
The effect of salt bridge formation on triple-helical stability
We wish to determine the energetic contribution of each salt bridge to triple-helical stability. In this regard, we consider two folding reactions. In the first, the protein folds from an unfolded state to a triple-helical state where the salt bridge of interest is formed. The associated chemical reaction is denoted by U / F on where U represents the unfolded ensemble and F on represents the folded triple-helical that contains the salt bridge. We note that this formalism makes no assumptions about the nature of the unfolded state in that the unfolded ensemble contains all possible configurations of the three dissociated chains where each chain samples conformers that span the full range of backbone and side-chain dihedrals that are consistent with the fully unfolded state. Similarly, the second reaction, U / F off , corresponds to the protein folding from the fully unfolded state to a triple-helical state where the salt bridge is broken. Because the beginning reactions of both reactions are identical, we use the thermodynamic cycle shown in Fig. 3 to quantitatively assess the effect of interchain salt bridge formation on triple-helical stability. In path 1, the three collagen chains fold to a state that contains a salt bridge (DG on fold is the associated free energy change), and in path 2 folding leads to a triple-helical structure where the salt bridge is broken (DG off fold is the associated free energy change). The contribution of the salt bridge to triple-helical stability is given by the difference DDG ¼ DG on fold À DG off fold . In principle, one could carry out simulations to directly compute DG on fold and DG off fold , however the direct calculation of the free energy associated with such folding reactions is computationally demanding. This is especially true for this system because simulating the unfolded state would require building a model for the fully unfolded state. However, as the thermodynamic path shown in Fig. 3 shows, the effect of salt bridge formation on protein stability is equivalent to the free energy associated with salt bridge formation in the folded state; i.e., DDG can be calculated from an analysis of the folded state alone.
The free energy difference associated with salt bridge formation, DDG, could be computed using a number of methods-each of which makes a different set of assumptions. For example, one could slowly turn off the electrostatic interactions between the two side chains that form the salt bridge and use thermodynamic perturbation/integration to compute the resulting free energy change (24, 25) . Strictly speaking, this method constitutes one way to calculate the electrostatic contribution to DDG, however, the overall electrostatic contribution is somewhat distinct from the contribution of a salt bridge. In particular, two oppositely charged side chains that are very distant from one another would not be considered to form a salt bridge. However, because electrostatic interactions are long range in character, these well separated side chains will still make some electrostatic contribution to the overall energy of the system. Hence the broken salt bridge state does not correspond to a state where all electrostatic interactions between the side chains are turned off.
We use umbrella sampling to compute the contribution of the salt bridge to protein stability. In this approach, the beginning and end states of the reaction are defined solely by the distance between the two side chains in question and long range electrostatic interactions are considered in both the state where the salt bridge is formed and the state where it is broken. Central to this method is a clear definition of the states corresponding to the conformation where the salt bridge is formed and the state corresponding to a broken salt bridge. To identify these end states we use the dynamical trajectories shown in Fig. 1 and Fig. 2 as a guide. In each trajectory, the system fluctuates between two distinct regions of conformational space, where the first region corresponds to a relatively low value of the reaction coordinate and that has representative structures that place the oppositely charged side chains within hydrogen bonding distance of one another. The second state corresponds to a larger value of the reaction coordinate where representative structures have side chains that are too far apart to allow direct hydrogen bonding to happen. These two states form the beginning and end states for our calculation of DDG.
The calculated free energy profiles correspond to the rigorous free energy of the system and includes both enthalpic and entropic contributions to the overall energy (21) . Therefore, we begin our analysis with an investigation of the free energy profile (pmf) for each interchain salt bridge in the folded state in light of the dynamical trajectories discussed above. These insights are then used to compute quantitative estimates for DDG.
GPKGEO
The pmf for the A-B interchain interaction contains two well defined minima (Fig. 4) . The global energy minimum is located at x AB ¼ 3.3 Å , and corresponds to the state where an interchain salt bridge is formed between the lysine and glutamate side chains, consistent with the state with mean value 3.6 Å in the dynamical trajectory in Fig. 1 . The second minimum is located at x AB ¼ 5.5 Å , a value similar to 5.9 Å , the mean value of the secondary state in Fig. 1 . The relative free energy difference between the two states is quite modest-only 0.6 kcal/mol. This observation is in qualitative agreement with the data shown in Fig. 1 . In particular, unrestrained simulations that begin with the AB salt bridge, frequently sample states where the salt bridge is broken.
The pmf for the B-C interaction also contains two energy minima, where the global energy minimum corresponds to an interchain salt bridge at x BC ¼ 3.7 Å (Fig. 5) . The second minimum is more shallow and is located at x BC ¼ 5.7 Å and has a free energy that is 2.4 kcal/mol (~4 k B T at room temperature) higher than the ground state. Indeed, unrestrained simulations suggest that B-C salt bridges are considerably more stable (Fig. 1) .
The pmf for the C-A interaction contains two energy minima (Fig. 6) . The global energy minimum is found at x CA ¼ 3.7 Å and corresponds to an interchain salt bridge. Again, the second minimum is shallow and is located at x CA ¼ 4.7 Å . The first of these two values is consistent with the mean values extracted from the trajectories in Fig. 1 (3.6 Å ) . The second state has a value x CA that is somewhat lower than the average value in Fig. 1 , but representative structures in both cases correspond to states where the side chains are well beyond hydrogen bond distance. The second state has free energy that is 1.3 kcal/mol higher than the ground state.
Analysis of solvent molecules within hydrogen-bonding distance of the lysine and glutamate side chains suggests that in each case, the secondary local energy minimum forms when the side chains separate enough to allow water molecules to enter the space between the side chains. For example, for the A-B interaction, at a separation of 5.5 Å a single water molecule can hydrogen bond to both side chains. An analysis FIGURE 4 Potential of mean force constructed using the x AB reaction coordinate for GPKGEO. Also shown are snapshots inside umbrella sampling simulation windows centered on x AB ¼ 3.4 Å and x AB ¼5.6 Å , respectively, corresponding to the two energy minima of the pmf. FIGURE 5 Potential of mean force constructed using the x BC reaction coordinate for GPKGEO. Also shown are snapshots inside umbrella sampling simulation windows centered on x BC ¼ 3.8 Å and x BC ¼5.8 Å , respectively, corresponding to the two energy minima of the pmf.
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of the window that is restrained to sample around x AB ¼ 5.5 Å , x BC ¼ 5.7 Å , and x CA ¼ 4.7 Å , different water molecules take turns hydrogen bonding to both side chains.
GPKGDO
The pmf for the A-B interaction in GPKGDO contains a prominent energy minimum located at x AB ¼ 3.3 Å (Fig. 7) , consistent with the value of 3.4 Å observed in the dynamical trajectory in Fig. 2 . This state corresponds to a conformation where an interchain salt bridge is formed between the lysine and the aspartate residues. Trajectories of the triple-helical conformation infrequently sample a state having x AB~5 Å that corresponds to a state where the salt bridge is broken (Fig. 2) . This state corresponds to a shallow shelf on the conformational free energy surface that has a free energy that is 3.6 kcal/mol higher than the ground state (Fig. 7) .
The pmf for the B-C interaction in GPKGDO contains two energy minima (Fig. 8) . The global energy minimum is found at x BC ¼ 3.3Å (also similar to the value of 3.4 Å in FIGURE 6 Potential of mean force constructed using the x CA reaction coordinate for GPKGEO. Also shown are snapshots inside umbrella sampling simulation windows centered on x CA ¼ 3.8 Å and x CA ¼ 4.8 Å , respectively, corresponding to the two energy minima of the pmf. FIGURE 7 Potential of mean force constructed using the x AB reaction coordinate for GPKGDO. Also shown are snapshots inside umbrella sampling simulation windows centered on x AB ¼ 3.4 Å and x AB ¼ 5.0 Å , respectively, corresponding to the two energy minima of the pmf.
Biophysical Journal 98(11) 2634-2643 Fig. 2) , and corresponds to an interchain salt bridge. The second energy minimum is found at x BC ¼ 5.0 Å , that has a free energy that is 2.9 kcal/mol relative to the ground state (~5 k B T at room temperature). Consequently, this state is infrequently sampled in dynamical trajectories that begin with the B-C salt bridge formed (Fig. 2) .
Both metastable states for the A-B and B-C interaction occur at interatomic distances that allow individual water molecules to hydrogen bond to both states, in a manner similar to what was described for the GPKGEO trajectories above. For the shallow metastable state for the A-B interaction,~92% of the time different water molecules again take turns hydrogen bonding to the two side chains. For the B-C metastable state, this occurs~89% of the time.
The pmf for the C-A interaction in GPKGDO has two energy minima (Fig. 9) . The global minimum is located at x CA ¼3.7 Å , which corresponds to an interchain salt bridge. In addition, a secondary minimum can be found at x CA ¼ 5.4 Å with a relative free energy of 1.1 kcal/mol. The secondary minimum is considerably broader than the secondary minimum for the other interaction pairs. Such larger distances correspond to states where several water molecules intervene, bridging the two side chains in a more complicated array. This is consistent with the dynamical time series in Fig. 2 , which appears to sample states in this vicinity when not in a salt bridge (defined as having values of x CA > 4.2 Å ).
Calculation of DDG values
We use the different pmfs to calculate DDG-the contribution of each salt bridge to triple-helical stability-as outlined in Fig. 3 . DDG is then calculated as the difference in energy between the salt bridge state and the local energy minimum (or the relatively flat region of the conformational free energy surface à la the A-B interaction in the GPKGDO peptide) corresponding to conformations where the salt bridges are broken. These values are shown in Table 1 . In all cases, salt bridge formation stabilizes the triple-helical structure. However, for the GPKDEO peptide, B-C salt bridges are the most stabilizing and in the GPKGDO peptide, A-B salt bridge pairs are the most favorable. Table 1 also decomposes the free energy of into both enthalpic, DH, and entropic, ÀTDS, contributions. In each case, ÀTDS > 0, which implies DS < 0; i.e., there is a decrease in the entropy of the system on salt bridge formation. However, the decreased entropy is more than compensated for by the favorable enthalpic contribution.
DISCUSSION
The effect of salt bridges on protein stability has long been a subject of great interest (25) (26) (27) (28) . It has been shown that for globular proteins the contribution of salt bridges to protein stability can vary greatly depending on the system studied. For thermophilic and hyperthermophilic proteins, for example, salt bridges may on average contribute to the increased thermal stability of these systems (29) . The importance of salt bridges for proteins that exist in more temperate environments is a matter of debate. There are data to suggest that salt bridge formation in these systems is often not stabilizing and when it is, it likely only marginally contributes to overall stability (25) (26) (27) (28) (30) (31) (32) .
Unlike globular proteins, all side chains in the triple-helical structure of collagen are solvent exposed and collagen itself has no hydrophobic core. Therefore although studies on the contribution of salt bridges to globular proteins have advanced our understanding of protein folding in general, it FIGURE 8 Potential of mean force constructed using the x BC reaction coordinate for GPKGDO. Also shown are snapshots inside umbrella sampling simulation windows centered on x BC ¼ 3.4 Å and x BC ¼ 5.0 Å , respectively, corresponding to the two energy minima of the pmf.
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is not clear how these insights relate to triple-helical stability in collagen. Moreover, the effect of salt bridge formation on fibrillar proteins, like collagen, has yet to be fully explored. Previous work has shown that the introduction of single acidic or basic residues into (GPO) 3 GXY(GPO) 4 host-guest peptides leads to a significant decrease in the peptide melting temperature (6) . However, double mutants (GPO) 3 GXYGX 0 Y 0 (GPO) 3 that contain pairs of oppositely charged residues led to an unexpected increase in protein stability, suggesting that interchain salt bridges may be an important regulator of triple-helical stability (10) .
In this study we explored the energetic contribution of salt bridges to the thermodynamics of triple helix folding. First, we show that an analysis of the relative effect of salt bridge formation on triple-helical folding can be determined from an analysis of the folded state alone. Calculated conformational free energy landscapes for the folded triple-helical structure were computed using a reaction coordinate that varied the distance between the side chains of the oppositely charged residues, thereby sampling states where the salt bridge is formed and states where it is broken. The final free energy profiles represent the rigorous free energy of the system and includes both enthalpic and entropic contributions to the overall energy (21) . All of the resulting free energy profiles contain a prominent global energy minimum and a second metastable state that has a larger interresidue distance between the salt bridge pair partners. In each case, the global energy minimum and the metastable state correspond to conformers sampled in unrestrained dynamical trajectories of the salt bridge pairs. For all interaction pairs, the global energy minimum corresponds to the conformation that contains a salt bridge whereas the metastable state corresponds to an interresidue distance that enables a water molecule to sit between the oppositely charged side chains, hydrogen bonding to both.
Interestingly, we found that salt bridges can exhibit a range of energetic contributions to triple-helical stability. Some salt bridges have only a marginal effect on stability (A-B pair in GPKGEO), whereas others significantly stabilize the folded state (B-C in GPKGEO and A-B in GPKGDO). Despite the structural differences between collagen and globular proteins, we find that salt bridges can stabilize collagen by 0.6-3.6 kcal/mol-a value similar to the folding stability (1-5 kcal/mol) contributed by both buried and surface salt bridges in globular proteins (26, (30) (31) (32) .
The asymmetry between interchain interactions is a critical property of interchain electrostatic interactions in collagen. Both an unrestrained simulation (Fig. 2) and the DDG value calculated from the potential of mean force (Fig. 7) suggest that the A-B salt bridge is the most stabilizing of the three possible salt bridge interactions in GPKGDO, presumably due to the favorable geometries of the lysine and aspartate residues in question for adopting this conformation. In contrast, the C-A salt bridge of the same peptide offers Recently obtained experimental data in which a heterotrimeric model peptide comprised of (POG) 10 , (PKG) 10 , and (DOG) 10 chains was observed to form in a single triple-helical register in solution (33) . In these experiments, (POG) 10 , (PKG) 10 , and (DOG) 10 peptide chains were combined in a 1:1:1 ratio, heated to 85 C, then cooled to 25 C and incubated overnight at room temperature (34) . In principle, this mixture could yield three different homotrimers and six different heterotrimers (not including different possible chain registers). However, a single heterotrimer-one that included one copy of each peptide sequence (deemed the KDO peptide)-was the dominant product (33) . Moreover, this heterotrimer was found to exist in only one of six possible chain registers; multidimensional NMR experiments unambiguously identified chain A as the (PKG) 10 chain, chain B as the (DOG) 10 chain, and chain C as the (POG) 10 chain, as well as demonstrated the formation of interchain salt bridges, involving lysine and aspartate residues, between chains A and B (33) . Thus, the observed chain register for the heterotrimeric DKO peptide is consistent with our observation that the lysine-aspartate salt bridge formed between chains A and B is the most energetically favorable.
This study was designed to calculate the contribution of an individual salt bridge to triple-helical stability in collagen. A limitation of our work is that we do not consider the energetic gain/cost associated with the formation of several salt bridges in the system. That is, it is difficult to comment on the cost associated with the formation of a C-A pair when an A-B bridge is formed elsewhere in the chain. Nevertheless, these data represent what we believe to be one of the first attempts to rigorously calculate the influence of these interactions on the stability of a fibrillar protein. Future studies will focus on elucidating the interdependence of these interactions and how multiple salt bridges influence fibrillar protein stability.
Our results shed light on the structural basis for the triplehelical stabilization that results in peptides containing these residue pairs. Interchain electrostatic interactions may play an important role in local stabilization of vertebrate triplehelical collagen in regions requiring added stability. Furthermore, it has been noted that a high natural abundance of these residue pairs occurs in viral and bacterial collagenlike proteins (35, 36) . Prokaryotes lack the prolyl hydroxylase enzyme responsible for hydroxylation of the proline residues in the Y position (37) , and may therefore call on other mechanisms to stabilize the triple-helical structure of such proteins. Viruses infecting hosts that lack this enzyme may require similar alternatives to enhance the stability of collagen-like genes. It may be possible to adopt similar approaches in the construction of synthetic collagens by introducing salt bridges in strategic locations.
Experimental melting temperatures have confirmed the ability of these residue pairs to recover the stability of a pure GPO-containing peptide (10, 33) . Stability of the triple helix in regions lacking hydroxyproline may rely strongly on the presence of these salt bridges, and their disruption could lead to abnormalities in the structure and metabolism of collagen. A detailed biophysical understanding of the contribution of salt bridges to triple-helical stability could therefore form the basis of detailed sequence comparisons between diseased and healthy individuals in an up-andcoming age of high-throughput genomic sequencing.
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